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for the difference in response to cold.
Another possibility is that interaction
with other receptors of which the
expression is differentiation-dependent
might influence the response of TRPA1.
It has been reported that the tempera-
ture threshold of TRPV1 was altered by
activation of purinergic receptors (To-
minaga et al., 2001).
The effects of calcium in the med-
ium and transient receptor potential
inhibitors on the response of kratino-
cytes to cold are shown in Figure 2.
Removal of calcium from the medium
with EGTA decreased the elevation of
intracellular calcium in keratinocytes
exposed to low temperature (Figure 2a).
This result suggests that calcium
channels on the cell membrane are
involved in the response. A non-speci-
fic transient receptor potential blocker,
ruthenium red (20, 50 mM), significantly
reduced the response (Figure 2b and c).
Moreover, application of a TRPA1-specific
antagonist, HC030031 (2-(1,3-di-
methyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N-(4-isopropylphenyl)aceta-
mide; 20, 50 mM; McNamara et al.,
2007), also reduced the response
(Figure 2d and e).
The effects of application of a
TRPA1 agonist, allyl isothiocyanate
or cinnamaldehyde, on the intracel-
lular calcium level of keratinocytes
are shown in Figure 2f and g. Both
reagents increased the intracellular
calcium level, and these responses
disappeared when calcium was
removed from the medium. These
results suggest that TRPA1 or a very
similar cold-sensitive calcium channel
might exist functionally in epidermal
keratinocytes.
The percentage of cold-responsive
keratinocytes in this study was much
higher than that of dorsal root ganglion
cells (Story et al., 2003). That is, the
epidermis might be more sensitive to
low temperature than the peripheral
nervous system. It has long been
recognized that peripheral nerve fibers
have a crucial role in thermo-sensation
of the skin. However, human keratino-
cytes also express other thermo-sensi-
tive transient receptor potential types,
TRPV1 (activated at 43 1C), TRPV3, and
TRPV4 (both activated at 28–35 1C),
as reported previously (Denda et al.,
2001; Peier et al., 2002; Chung et al.,
2003). Thus, epidermal keratinocytes
are likely to have an important role in
thermo-sensation of the skin. Moreover,
TRPA1 might be associated with pain
(Jordt et al., 2004). Thus, studies on
transient receptor potential types in
keratinocytes might have implications
for the clinical treatment of itchy or
sensitive skin.
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TO THE EDITOR
Innervation of the skin is important in
order to maintain functional sensation
and enable appropriate response to
environmental stimuli. Injury to the
skin may involve peripheral nerve
damage. Previous studies have shown
an initial loss of nerve fibers followed
by an increase above normal fiber
density, which is followed by apoptosis
and ultimately reduced innervation
and sensory function in scar tissue
(Hermanson et al., 1987; Stella et al.,
Supp.(767) 1994; Altun et al., 2001;
Ward et al., 2004; Nedelec et al.,
2005). Although some studies have
found an association between reduced
nerve density and sensation (Stella
et al., 1994; Ward et al., 2004), other
studies have not (Griffin et al., 2001;
Nedelec et al., 2005). The contradic-
tory nature of these findings is at least in
part due to small sample numbers,Abbreviations: PGP9.5, protein gene product 9.5
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incomplete functional and anatomical
assessment, and the variable time-
frames between injury and analysis.
Herein, to better understand the
changes in cutaneous innervation and
sensory function, we have analyzed
neuroanatomy in a rat model of burn
injury, and assessed neuroanatomy in
patients with unilateral burn injuries at
least 18 months post-injury, which is
commonly defined as the end point for
scar maturity (Nedelec et al., 2005).
All animal experiments were ap-
proved by the institutional animal
ethics committee and were perfor-
med in accordance with the NHMRC
Australian code of practice for the care
and use of animals for scientific pur-
poses. The human study was carried out
in accordance with the regulations
outlined in the national statement on
ethical conduct in research involving
humans issued by the NHMRC and was
approved by the Royal Perth Hospital
ethics committee.
For the rat model, full-thickness skin
biopsy samples were taken prior to burn
injury (2 cm diameter, dorsolateral).
Samples were taken from the injured
and contralateral non-injured sites at 2,
4, 8, and 12 weeks post-injury. Cutaneous
innervation was assessed using Protein
Gene Product 9.5 (PGP9.5) immunohis-
tochemistry (see Supplementary methods
and Supplementary Figure S1 online).
Images of PGP9.5 immunohistochem-
istry are shown for matched pre-injury
(Figure 1a), a 12-week injured site
(Figure 1b), and a 12-week non-injured
site (Figure 1c). At 12 weeks post-
injury, 9 of 10 animals showed a
marked decrease in innervation in both
injured (P¼ 0.0054) and non-injured
dermis (P¼ 0.0178) when compared
with pre-injury biopsies (Wilcoxon’s
signed rank test; Figure 1d).
Analysis of the innervation over time
showed that there was a significant
decrease in innervation at both injured
(P¼0.0001) and uninjured sites
(P¼0.0014) by week 2, which per-
sisted through to week 12 when com-
pared with pre-injury sites (Figure 1e,
Wilcoxon’s sum rank test)). The reduc-
tion in innervation was significantly
greater at the injured sites compared
with the uninjured sites at all time
points (2 weeks, P¼ 0.0074, 4 weeks,
P¼0.0054, 8 weeks, P¼ 0.01, 12
weeks, P¼0.0054, Wilcoxon’s signed
rank test; Figure 1f).
In human scars, innervation assessed
using PGP9.5 immunohistochemistry
(Supplementary methods) correlated
strongly between scar and matched
control sites (R2¼ 0.56, Po0.001;
Figure 2a–d). The nerve density in both
injured sites and non-injured controls
decreased with increasing injury
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Figure 1. Innervation of pre-injury and 2, 4, 8 and 12-week post-injury sites. (a–c) Confocal images of immunohistochemical labeling of Protein Gene Product
(PGP)9.5 fibers from a (a) pre-injury biopsy sample, (b) 12-week post-injury scar, and (c) 12-week post-injury non-injured control site. Arrows indicate free fibers
in the dermis and epidermis. Bar¼ 500mM. (d) Graph showing nerve densities assessed using PGP9.5 antibody in each individual animal for matching the
pre-injury biopsy sample, 12-week injury site, and 12-week non-injured site. A significant decrease in innervation is observed at both injured (P¼0.0054) and
non-injured sites (P¼ 0.0178). (e) Scatter plot of innervation pre-injury and over time in both injured and non-injured samples. There is a significant decrease
in innervation at all time points post-injury in both injured and non-injured samples. (f) Scatter plot showing innervation at all time points post-injury in
both injured and non-injured sites. Lines highlight the matched samples from each individual animal. Innervation was significantly less in the injured sites
compared with the non-injured sites.
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severity following a logarithmic regres-
sion curve (scar R2¼ 0.4163, control
R2¼ 0.3804; Figure 2e). Subgroup ana-
lysis (upper limb/lower limb/contralat-
eral control site/adjacent control site)
revealed the same trends seen in the
entire study population (data not
shown).
To our knowledge, evidence for
long-term systemic changes to cuta-
neous innervation in response to loca-
lized burn injuries has not been
reported previously. In the animal study,
the 12-week post-injury analysis sug-
gests that the reduction in innervation
observed at 2 weeks post-injury in both
sites was sustained. Importantly, the
total body surface area of the injury in
the animals was only approximately
4%, which indicates that minor injuries
can have a profound systemic effect.
The longitudinal data demonstrate
that nerve fiber density in uninjured
sites was already significantly depleted
by 2 weeks post-injury. This would
suggest that the cause of this
systemic change is an early post-injury
process, potentially inflammation,
which has been shown to have a
bilateral relationship with cutaneous
innervation (Hendrix and Peters,
2007). The decrease in innervation
was significantly less in the non-injured
site when compared with the injured
site, suggesting that the systemic
changes are not as severe as those at
the acute injury site.
The data collected from the burn
patients support the findings in the
rat. Total innervation was found to
closely correlate in both scar and non-
injured tissue, and there was a strong
correlation between the reduced nerve
densities in both scar and control tissue
with increasing injury severity. This is
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Figure 2. Innervation of human scar and non-injured sites. (a, b) Confocal images of immunohistochemical labeling of Protein Gene Product (PGP)9.5 fibers
from a (a) control and a (b) scar site. The arrow indicates free fibers in the dermis and epidermis; the arrowheads indicate the nerve bundle. Bar¼ 500mM.
(c) Overall PGP9.5-labeled dermal nerve density in individual patients’ scar and control sites. (d) Correlation of PGP9.5-labeled nerves in scar and control sites.
(e) Nerve density compared with injury severity. As the size of the burn increased, there was a trend for both scar (R2¼ 0.4163) and control (R2¼ 0.3804) nerve
densities to decrease, indicating a systemic effect.
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indicative of a systemic response to
burn injury resulting in decreased nerve
fiber density at both injured and unin-
jured sites. Unlike the animal study, no
significant difference in nerve fiber
density was observed between the
injured and uninjured sites in this hu-
man sample, suggesting that further
changes to innervation may have oc-
curred in the animal model had we
studied further than 12 weeks.
Our findings contrast with previous
studies that reported that loss of sensory
function was associated with a reduc-
tion in the density of nerve fibers within
a scar tissue (Stella et al., 1994; Altun
et al., 2001; Ward et al., 2004). We
observed a similar loss of sensory
function in scar tissue (data not shown),
but sensory function was significantly
better in the matched control tissue,
suggesting that the loss of sensory
function is not caused by diminished
re-innervation. Lack of sensory adnexal
structures in scar has been postulated to
be a cause of reduced sensory function
(Nedelec et al., 2005). Alternatively,
loss of sensation might result from
diminished nerve fiber function in the
scar or from changes in the central
nervous system’s perception of stimuli.
Lastly, it is possible that changes in the
tissue structure, such as decreased
pliability, result in decreased sensory
function (although no correlation was
found in this study between tissue
pliability and sensory function (data
not shown)).
Previously, peripheral nerve injury
has been shown to elicit a contralateral
response in a rat model of injury
(Oaklander and Brown, 2004), and
large burns have been shown to cause
decreased nerve conduction in mice at
sites distant from the injury (Higashi-
mori et al., 2005, 2008). However, to
our knowledge, the existence of a
sustained systemic response to loca-
lized cutaneous injury leading to
changes in neuroanatomy at uninjured
sites has not been reported previously.
In future studies, it will be important
to address what types of fibers are
changing and the mechanism for these
observed systemic changes, which may
in part be due to nitric oxide signaling
(Higashimori et al., 2008) or possibly
other inflammatory or neuronal media-
tors (Hendrix and Peters, 2007). It will
also be interesting to determine the
effects of these changes on future
wound healing and susceptibility to
cutaneous pathologies.
Further work to identify both the
underlying mechanisms and novel
methods for clinical intervention will
provide a way of ensuring better return
of function post-injury.
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